Introduction
Studies on archaeological artifacts constitute an important area of research to unravel the past human activities like art, culture, and trade. Most of the studies focus on the provenance of the artifacts i.e., whether they belong to same or different origin or group. Archaeologists investigate through the provenance studies whether chosen artifacts belong to the same or different origin. In the provenance studies, archaeological artifacts like pottery, bricks, stones, coins, and paints are investigated. [1] [2] [3] [4] Among these artifacts, potteries are most studied. Studies for provenance are carried out in two ways: either by classifying samples according to their physical characteristics, decoration, and style or by chemical composition analysis. 1, 2 Chemical composition analysis of artifacts is the most important tool for providing useful information like geographical origin and manufacturing techniques. 3 The chemical composition of a clay pottery is strongly related to the source of clay and recipe of the making. 4 It is known that the concentrations of major elements like Si, Al, Ca, and Mg may not vary significantly compared to the elements present at trace levels. 5 The variation of trace elements depends on the place and preparation, and hence determination of concentration of trace elements becomes more important. Groups of elements used for the provenance studies are alkali and alkaline earth elements, transition elements and rare earth elements (REEs). 3, 6 Elements which are non-volatile and immobile, exhibit high stability in clay minerals and therefore are good candidates for cluster analysis as any changes if found could be attributed to composition of making rather than due to migration, mobility and weathering with time. 3, 6 The REEs are used for provenance study due to their similar geochemical properties as well as highly insoluble and immobile nature. The alkali and alkaline earth elements like Na, K, Rb, Cs, and Ba, have similar properties and expected to have correlation among them in clay and pottery samples. Correlations are also reported among the transition elements like Sc, Fe, Co, Cr, Hf, and Mn, which are used for grouping of artifacts. For samples like pottery and bricks, making process involves high temperature treatment of wet/sun-drenched samples through firing. Therefore, ratios of concentrations of non-volatile elements like Al and Sc or elements having similar geochemical properties like La and Ce are used in the provenance studies of samples like potteries. 1, 7 Elemental composition analysis of artifacts demands reliable results of concentrations at major to trace levels using a sensitive analytical method. Non-destructive nuclear analytical methods like neutron activation analysis (NAA), X-ray fluorescence (XRF) and particle induced X-ray emission (PIXE) have been used for the analysis of archaeological artifacts like potteries. [7] [8] [9] [10] [11] [12] [13] [14] These methods have been applied to different samples with varying degrees of success in terms of sensitivity and multielement capability. Among these methods, instrumental NAA (INAA) is the most used method for determining major, minor, and trace elements due to its high sensitivity, low detection limit, simultaneous multielement capability, negligible matrix interference, and most importantly non-destructive nature, i.e., sample is used as it is received without any chemical dissolution. It is an isotope specific technique based on irradiation of samples using reactor neutrons and measuring the characteristic γ-radiations emitted by the radioisotope produced in irradiation. Often γ-spectrometry having HPGe detector coupled to multi-channel analyzer (MCA) is used for radioactivity measurement. Use of high flux research reactor neutrons and high-resolution γ-ray spectrometry makes the method capable of determining many elements at mg kg -1 to µg kg -1 level. 15, 16 The added advantage of INAA over other methods is that it allows simultaneous multiple sample irradiation in a reactor in a single run. Chemical analyses together with statistical data treatment are used as valid method for provenance study and have been extensively used in the archaeological investigations. 3, 6, 9 Multivariate statistical methods like cluster analyses (CA) and principle component analysis (PCA) are mainly used for this purpose. 3, 6, 9, 10, 14 In the present study, pottery samples, collected from seven different locations, were analyzed by relative method of INAA Instrumental neutron activation analysis (INAA) using high resolution γ-ray spectrometry was used to determine concentrations of 20 elements in seven clay pottery samples collected from excavated Buddhist sites of four districts of Andhra Pradesh, India. For determining accuracy of the INAA method, two certified reference materials (CRMs) namely SL-1 and Soil-7 obtained from IAEA were analyzed. For establishing the provenance (same or different origin) of pottery samples, Al to Sc concentration ratio as well as statistical cluster analysis was used. For the cluster analysis, concentration values of selected nine elements namely Sc, Cr, Mn, Fe, Co, Rb, Cs, Ba, and Hf were used. Soil samples from corresponding sites with known origin were analyzed for the validation of provenance methodology adopted in this study. From these analyses, it was observed that both pottery and soil samples under study belong to four different groups. To the best of our knowledge, the provenance studies of these ancient pottery samples are reported for the first time. for their elemental concentrations. IAEA CRMs SL-1 and Soil-7 were analyzed to evaluate the accuracy of the method. Concentrations of 20 elements which include Al, alkali, alkaline earth, and transition elements were used for grouping of the pottery samples. Elemental ratios of Al and Sc in pottery samples were used for the preliminary grouping. Statistical cluster analysis was carried out using concentrations of nine key elements (Rb, Cs, Ba, Sc, Cr, Mn, Fe, Co, and Hf) for establishing the provenance of pottery samples under investigation. Similar studies were carried out for seven soil samples collected from corresponding sites of potteries as a method validation of the adopted provenance study, since soil samples origin was known a priori.
Experimental

Sample collection sites.
Although archaeologists so far have identified more than one hundred and forty Buddhist sites in Andhra Pradesh, ranging in date from pre-Asoka (4 th -3 rd century BC) to Vishnukundin times (4 th -5 th century AD), stretching from Dantapuram in the North to Nandalur in the South and Kotilingala in the West to Bhattiprolu in the East of Andhra Pradesh, India, 17 initially only seven important sites were selected. These are excavated Buddhist sites along the sea coast of Visakhapatnam, Srikakulam, and other nearby places of Andhra Pradesh, India. The location map of the sites is shown in Figure 1 and additionally, the names of the places and geological coordinates are given in Table 1 .
Collection of samples.
The samples were collected under the supervision of personnel from the Department of Archaeology and Museums, Government of Andhra Pradesh, India. Pottery samples of different shapes, with length of 6-15 cm weighing about 250 g -1 kg were collected from the above sites. Pottery samples were washed off sticking soil, if any, with water, wiped with soft cloth and sealed in a clean polythene bag with a label. To examine the possibility of correlation of pottery results with soil or clay, sub surface soil samples (about 1 kg) were collected from a depth of about 10 cm. Soil samples were sun drenched, pebbles were removed and then sealed in clean polythene bags.
2.3. Sample preparation and irradiation. The samples were powdered using agate pestle and mortar. The samples were dried at 105 °C in a hot air oven for about 24 h to remove any moisture content. Sample masses used were in the range of 75-150 mg. Samples were heat-sealed using polythene sheets. Samples were irradiated for 7 h in E8 irradiation position of swimming pool type APSARA research reactor, Bhabha Atomic Research Centre (BARC), Mumbai for medium and long-lived activation products. The thermal neutron flux at this position was of the order of 5 × 10 11 cm -2 s -1
. Short irradiations of 1 min duration with samples of ~10 mg mass were carried out using the pneumatic carrier facility (PCF) of Dhruva research reactor, BARC for the activation products whose halflives are in the range of 2 min -3 h. The thermal neutron flux at this position was of the order of 5 × 10 13 cm -2 s -1 . The International Atomic Energy Agency (IAEA) certified reference material (CRM) SL-3 (Lake Sediment) was used as a multielement comparator. Samples along with the multielement comparator were irradiated in different batches. The control samples, CRMs SL-1 and Soil-7 were prepared and irradiated along with multielement comparator in the similar way to that of samples.
2.4. Radioactive assay and calculation of concentration. After appropriate cooling, irradiated samples were mounted on Perspex plates and the radioactive assay was carried out using a 40% relative efficiency HPGe detector coupled to MCA with 8k conversion gain. The detector system had a resolution of 2.0 keV at 1332 keV γ-ray of 60 Co. The irradiated samples, comparator standard and control samples were counted in identical geometry with respect to the detector. Depending on the half-lives of radioisotopes, elements were divided into three groups. The first group contained short-lived isotopes of elements like Al, Ca, Mn, Ti, and V. The second group contained medium-lived isotopes of As, Br, Na, K, and Ga, and the third group contained long-lived isotopes of 10 elements like Fe, Cr, Sc, Cs, Hf, and Rb. Measurement times were 60-1800 s for short as well as medium-lived activation products and 2-20 h for medium and long lived products. The measurement of the radioactivity of first group isotopes was made within 3 min after the end of irradiation. Whereas for second and third groups of elements, measurements began after 1 day cooling period. The peak areas were evaluated using peak fit software called PHAST, developed at our institute. 18 Relative method of NAA was used for the calculation of concentrations with an IAEA CRM, SL-3 as reference standard.
Results and Discussion
The relevant nuclear data were taken from the literature. 19, 20 The concentrations of 20 elements determined from four replicate experiments in all samples and CRMs. The percentage deviations of the determined concentrations in IAEA CRMs SL-1 and Soil-7 are within ±8%. The determined values were in good agreement with their certified or information values. Z-score values in these CRMs were found to be in the range of -2.0 to 1.8, which are found to be well below the accepted value of ±3.
Results of the elemental concentrations in soil and pottery sa mple s a r e g iven i n Ta ble s 2 a nd 3, r e sp e ct ively. Concentrations of major elements Al, Fe, Ti, K, Na, Mn, and Ba are in the range of 8.0 to 0.03% whereas other elements are in the mg kg -1 range. The uncertainties reported in these two tables are due to standard deviations at ±1σ confidence level arrived from four independent sample analysis and are within 10%.
Range, grand mean and % RSD of concentrations for different elements in all the seven pottery samples were calculated and are given in Table 4 . This table also gives similarly evaluated data for seven soil samples. It is observed that the mean concentrations of As, Br, Ga, Co Hf, Cs, Cr, and Sc in potteries are lower than soil samples. Concentrations of rest of the 12 elements in pottery samples are either higher or comparable to that of soil samples. The %RSD concentrations of all elements of seven pottery samples (column 6, Table 4 ) vary in the range of 11-80%. Similarly, the %RSD of concentrations of all ele- Table 4 ) vary in the range of 23-71% (except 7% for K). The observed large scatter suggests that the origin/source of these pottery as well as soil samples may not be the same.
For the preliminary information on provenance studies, the elemental concentration ratios of the two non-volatile elements Al and Sc were evaluated for soil (Table 2 ) and pottery (Table  3 ) samples under study. The concentration ratios of Al to Sc in pottery samples are expected to remain constant during pottery making process as well as afterwards withstanding wear and tear as they are non-volatile elements. The ratios of Al and Sc values of seven soil samples are shown in Figure 2 . From the histogram of concentration ratios, inter-site distance grouping of the soil samples was done and they fall into four groups: (i) S1 and S2; (ii) S3, S4, and S5; (iii) S6; and (iv) S7.
Although the number of samples is less, it is apparent that they (soil samples) belong to four distinct groups. In view of this, to validate the visual grouping, the results were subjected to cluster analysis using STASTISTICA 5.1 statistical package. 1, 5 We have attempted to group these samples by considering some key elements namely Rb, Cs, Ba, Sc, Cr, Mn, Fe, Co, and Hf. Sodium and K were excluded as they are expected to be mobile during weathering process. The cluster analysis dendogram of seven soil samples are shown in Figure 3 . The cluster analysis also supports the above finding that they belong to four groups. The cluster analysis is based on the calculation of the distances between the points representing the samples in the principal axes. The lengths of the links in the dendogram are proportional to the distances between the groups of the samples. From the Figure 3 , it is clear that grouping by both methods lead to similar conclusion and thus validated our method of establishing provenance. Further the percentage deviations between two same and different group samples were carried out. The normalized %deviations of concentrations of all elements of S1 with respect to corresponding elements in S7 belonging to farthest locations are in the range of 11-155% except for Ga (5%) e.g., 11.1% for V and 155% for As. The normalized %deviations of S1 with respect to S7 were arrived at by dividing difference between S1 and S7 with S7 and then multiplying with 100. In view of large scatter in the normalized deviation, it could be concluded that S1 and S7 are of different origin. Similarly, the calculated normalized %deviations of concentrations of S4 with respect to S5 are within 10% for most of the elements, which suggest that they are of similar origin. It may be noted that S4 and S5 belong to nearby locations. The method of grouping the soil samples was in agree- Figure 4 . From this figure, it appears that they fall into four groups as given here: (i) P1, P4, and P5; (ii) P2 and P3; (iii) P6; and (iv) P7. These results were subjected to statistical cluster analysis as done for soil samples. The dendogram of pottery samples obtained by cluster analysis is given in Figure 5 . It is affirmed from the figure that they fall into same four groups as observed from the concentration ratios of Al to Sc. From Figure 1 , it is clear that P3, P4, and P5 were collected from nearby locations. However, results of both concentration ratio values of Al to Sc and cluster analysis suggest that the pottery sample P3 differs from potteries of P4 and P5. This is taken as a clue that P3 may not have been prepared with the same source clay as that of P4 and P5. Further the normalized %deviations of concentrations of all elements of P1 with respect to corresponding elements in P7, belonging to farthest locations, are in the range of 17-230%. This confirms that P1 and P7 are of different origin. Similarly, the normalized %deviations for P4 with respect to P5 (belonging to nearby locations) are within 10% for many elements, which suggests that they are of similar origin.
Conclusions
INAA using reactor neutrons and high resolution γ-ray spectrometry was used to determine concentrations of 20 elements of significance in ancient pottery samples. Both the results of Al to Sc concentration ratios and statistical cluster analysis using nine key elements suggest that the pottery samples analyzed fall into four groups. Similar analyses on soil samples suggest that they also belong to four groups. Our approach of establishing provenance or grouping through elemental composition in conjunction with cluster analysis could be used for arriving at the source though the number of samples is less. Our future work on provenance study is being extended to more number of such samples collected from different places of Andhra Pradesh and its neighbouring states. 
